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Malignant brain tumors strike deep into the psyche of 
those receiving and those delivering the diagnosis. Ma- 
lignant gliomas, the most common subtype of primary 
brain tumors, are aggressive, highly invasive, and neuro- 
logically destructive tumors considered to be among the 
deadliest of human cancers. In its most aggressive mani- 
festation, glioblastoma (GBM), median survival ranges 
from 9 to 12 months, despite maximum treatment ef- 
forts — a statistical fact that has changed little over sev- 
eral decades of technological advances in neurosurgery, 
radiation therapy, and clinical trials of conventional and 
novel therapeutics. Over the same time period, there has 
been an explosion of knowledge in cancer biology and 
basic science discovery that has fueled meaningful prog- 
ress in the treatment of many common human cancers, 
including those of the breast, lung, and prostate. It is 
perplexing that therapies used effectively in the treat- 
ment of these solid tumors are overwhelmingly ineffec- 
tive in the treatment of GBM, perhaps reflecting the ec- 
centric biology and cellular origin of this neoplasm. To 
date, only one new agent has been documented to have 
modest activity against intermediate-grade gliomas, 
whereas no effective agents have emerged for the treat- 
ment of GBM, despite 20 years of enrolling patients in 
clinical trials. It is ironic that although a comprehensive 
view of the generic lesions encountered in malignant 
gliomas has been compiled, substantive conceptual and 
practical barriers remain in assigning functional signifi- 
cance to these genetic changes and in harnessing this 
basic information into the development of drugs that 
make a difference in patient care. 

The history of treating malignant gliomas dates back 
to the middle of the 19th century and parallels landmark 
advances in modern surgical technique and the clinical 
discipline of neurology. The first brain tumor surgery of 
the modern era was performed in 1884 by Rickman 
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Godlee |Kaye and Laws 1995). By 1900, the initial enthu- 
siasm for surgery had waned, because it became apparent 
that patients were not cured and that survival was only 
marginally prolonged. In efforts to improve surgical out- 
come, Harvey Cushing (1926), who had contributed ma- 
jor advances in surgical technique, pioneered the first 
histological grading scheme for gliomas and correlated it 
with clinical outcome fKaye and Laws 1995). The grad- 
ing scheme was based on the morphological resemblance 
of neoplastic cells to cell types found in the normal cen- 
tral nervous system (CNS). He and his colleague, Per- 
cival Bailey, described the seminal feature of gliomas, 
that is, their diffuse infiltrative nature, which renders 
them incurable by surgery alone. Radiation therapy was 
introduced soon thereafter in an attempt to cure these 
infiltrative tumors. Although clearly improving the me- 
dian survival in intermediate-grade gliomas by many 
months and GBM by several months, the addition of 
radiation ultimately failed to alter long-term outcome 
(Bouchard and Pierce 1960). As chemotherapy was devel- 
oped for leukemia and solid tumors, agents that could 
penetrate the blood-brain barrier were added to the treat- 
ment protocols of malignant gliomas. Nitrosurea-based 
chemotherapy, in combination with surgery and radia- 
tion therapy, emerged as the only regimen that improved 
median survival (Shapiro et al. 1989), predominantly in 
patients with intermediate-grade gliomas. Although ni- 
trosureas have become standard therapy for malignant 
gliomas, it is now clear that patients are not cured with 
this or any other cytotoxic agent currently available, re- 
gardless of tumor grade. 

As clinical investigators in neuro-oncology pursue 
novel therapies from the compendium of experimental 
agents available for clinical trials in cancer, the lack of 
glioma-targeted agents predicts a very limited chance of 
finding a successful therapy using this approach. Perhaps 
we can learn from Harvey Cushing, who sought an ex- 
planation for his inability to cure his patients despite the 
groundbreaking advances of his surgical techniques. 
Cushing undertook a complete reappraisal of the patho- 
genesis of GBM in the search for a reasonable explana- 
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tion for his failures. What emerged was a new level of 
insight and understanding into the biology of these tu- 
mors that has persisted and underlies the current ap- 
proach to treatment. With the advent of the molecular 
era, we now have the opportunity to reexamine the bi- 
ology of these tumors with a level of precision that 
promises to make meaningful advances toward the de- 
velopment of specific and effective rational therapies. 

This review describes the histopathologic and genetic 
lesions that characterize both the lower-grade and highly 
aggressive gliomas. These data will be integrated with 
the current state of knowledge of glial cell develop- 
ment because we are of the view that the combined in- 
sights of cancer genetics and developmental neurobiol- 
ogy will serve to illuminate the mechanisms driving 
gliomagenesis. 

Classification and grading of glioma 

Gliomas have been defined pathologically as tumors that 
display histological, immunohistochemical, and ultra- 
structural evidence of glial differentiation. The most 
widely used scheme for classification and grading of glio- 
mas is that of the World Health Organization (WHO) 
(Kleihues and Cavenee 2000). Gliomas are classified ac- 
cording to their hypothesized line of differentiation, that 
is, whether they display features of astrocytic, oligoden- 
droglial, or ependymal cells. They are then graded on a 
scale of I to IV according to their degree of malignancy as 
judged by various histological features (see below]. Un- 
like other solid tumors, gliomas very rarely metastasize 
outside the CNS, and thus tumor grade is the primary 
determinant of clinical outcome. Grade I tumors are bio- 



logically benign and can be surgically cured if deemed 
resectable at the time of diagnosis,- grade n tumors are 
low-grade malignancies that may follow long clinical 
courses but are not cureable by surgery; grade HI tumors 
are malignant and lead to death within a few years,- grade 
TV tumors are highly malignant, usually recalcitrant to 
chemotherapy, and lethal within 9-12 months. Seventy 
percent of grade II gliomas transform into grade HI and IV 
tumors within 5-10 years of diagnosis and then behave 
clinically like the higher-grade tumors (Fig. 1). 

The common gliomas that affect the cerebral hemi- 
spheres of adults are termed diffuse gliomas because of 
their propensity to infiltrate throughout the brain. This 
invasive nature is one of the cardinal features of malig- 
nant gliomas and results in the inability of surgery to 
cure patients even when these lesions arise in areas in 
which wide surgical resection is possible. Radiation 
therapy improves overall survival for each tumor grade, 
yet no patients are cured by this treatment modality. 
The diffuse gliomas are classified histologically as astro- 
cytomas, oligodendrogliomas, or tumors with morpho- 
logical features of both astrocytes and oligodendrocytes, 
termed oligoastrocytomas. Astrocytic tumors are subse- 
quently graded as pilocytic astrocytoma, grade I ; astro- 
cytoma, grade U; anaplastic astrocytoma, grade III; and 
glioblastoma, grade IV. Oligodendrogliomas and oli- 
goastrocytomas are subsequently graded as grade II or 
anaplastic, grade m. Such grading is related to the pres- 
ence of histological features of malignancy, such as high 
ccllularity, cellular pleomorphism, mitotic activity, mi- 
crovascular proliferation, and necrosis. For instance, 
grade II astrocytomas have cellular pleomorphism but 
none of the other histological features listed above; grade 




Figure 1. Two pathways to GBM. {Left panel) Astrocytoma, WHO grade II from a young woman whose tumor recurred 5 yr later as 
GBM (not shown). Note the mild increase in cellularity, with scattered neoplastic astrocytes having elongated hyperchromatic nuclei 
(arrows). {Right panel) GBM in an elderly man with a short clinical history. Note the dense cellularity, necrosis (N) with palisading 
nuclei (P) and microvascular proliferation (MVP) — the histological hallmarks of GBM. 
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III anaplastic astrocytomas also display mitotic activity; 
and grade IV glioblastomas exhibit microvascular prolif- 
eration and/or necrosis. As we move forward, it is antic- 
ipated that histopathologic diagnosis will be joined by 
molecular-profiling technology (Huang et al. 2000) in as- 
signing gliomas to particular categories and therapeutic 
groups (see below). 



Cellular origins of glioma 

To understand the pathophysiology of the gliomas, we 
must look at the important questions raised by the his- 
tological features and clinical presentation that may 
guide investigation and therapeutic development in this 
area. These questions include the following: (1) Why are 
the cells so invasive, even when low grade, and what are 
the properties of the microenvironment that permit 
widespread invasion? (2) Why do low-grade tumors trans- 
form into high-grade tumors after a long latency, and 
what genetic pathways govern this transformation? (3) 
What are the mechanisms underlying the pathological 
features of high-grade tumors, including increased mi- 
totic rate and induction of neovascularization? (4) What 
are the molecular causes of resistance to therapy in the 
high-grade tumors? 



GBM: two wads— one clinical entity 

An important clue to pathways involved in gliomagen- 
esis may lie in the two GBM subtypes that have been 
identified clinically (Fig. 2, Kleihues and Cavenee 2000). 
Primary GBM typically presents in older patients as an 
aggressive, highly invasive tumor, usually without any 
evidence of prior clinical disease. Secondary GBM has a 
very different clinical history. It is usually observed in 
younger patients who initially present with a low-grade 
astrocytoma that transforms into GBM within 5-10 
years of the initial diagnosis, regardless of prior therapy. 
The cataloging of genetic lesions in these GBM subtypes 



has identified differences in their genetic profiles, pre- 
dominantly in the penetrance of specific genetic muta- 
tions. As a result, it has been proposed that primary and 
secondary GBM represent two distinct clinical entities, 
each developing along distinct genetic pathways 
(Kleihues and Cavenee 2000). However, the distinctions 
become blurred when one considers the striking clinical, 
genetic, and biologic similarities between these two sub- 
types. First, primary and secondary GBMs behave in a 
clinically indistinguishable fashion. The median sur- 
vival from the time that GBM is established does not 
statistically differ between these two subtypes, reflect- 
ing equivalent rates of proliferation and invasion as well 
as resistance to all therapeutic modalities. Second, al- 
though the frequency of specific genetic mutations may 
differ between the subtypes, the same genetic pathways 
appear to be targeted in both GBM subtypes. Third, once 
established, primary and secondary GBM are indistin- 
guishable to the neuropathologist. Both show microvas- 
cular proliferation and pseudopalisading necrosis, and 
both are composed of highly infiltrative, less well-differ- 
entiated cells than are low-grade astrocytomas. It has 
been postulated that in secondary GBM, malignant as- 
trocytes in low-grade gbomas undergo dedifferentiation 
during progression to GBM, possibly because of the ac- 
cumulation of genetic mutations in key pathways regu- 
lating glial cell differentiation. It can be argued that a 
similar mechanism may be operative in primary GBM, 
although an alternate thesis poses that primary GBMs 
represent malignant transformation of the more primi- 
tive glial precursor cells, such as the pluripotent neural 
stem cell or a committed glial progenitor. In fact, it 
would not be unreasonable to speculate that the state of 
glial cell differentiation may modulate the biological ef- 
fects of a given mutation or combination of mutations, 
leading to the varied clinical presentation and progres- 
sion courses in these two GBM subtypes. For example, 
an immature state of differentiation may be permissive 
for the transforming effects of a cancer-relevant muta- 
tion, although it is also possible that a genetic mutation 




Figure 2. Two pathways to GBM. GBM can develop over 5-10 yr from a low-grade astrocytoma (secondary GBM), c 
initial pathology at diagnosis (primary GBM). The clinical features of GBM are the same regardless of clinical route. 
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may alter the state of differentiation in the transforming 
process. Thus, to truly dissect the molecular pathways 
underlying GBM and to assign clinical and biological rel- 
evance to the variance in penetrance of specific genetic 
mutations in primary and secondary GBM, we must ex- 
plore the issue of cell-of-origin in this neoplasm. 

Glioma variants: clues to the cell-of-origin 

A clue to glioma histiogenesis may lie in the existence of 
the well-described glioma variants, mixed oligoastrocy- 
tomas and gliosarcomas. The histological hallmarks of 
these tumors are a biphasic tissue pattern with areas of 
astrocytic and oligodendroglial differentiation or glioma- 
tous and mesenchymal differentiation, respectively 
(Kleihues and Cavenee 2000). The presence of two mor- 
phologically distinct cell types within a tumor suggests 
either independent transformation events in two termi- 
nally differentiated cells or, more likely, the malignant 
transformation of a progenitor cell that retains the ca- 
pacity to differentiate into both cell types. An analysis of 
the genetic profile of the individual cell types within the 
tumor would be most informative in distinguishing be- 
tween these two possibilities. If malignant transforma- 
tion occurs in the progenitor cell, one would expect a 
similar genetic profile, especially on the level of chro- 
mosomal changes, in both cell types. Indeed, in mixed 
oligoastrocytomas, loss of heterozygosity (LOH) of lp 
and 19q was observed in areas of both oligodendroglial 
and astrocytic differentiation, strongly suggesting that 
both oligodendroglial and astrocytic cells were derived 
from a single precursor cell (Kraus et al. 1995). Similarly, 
in gliosarcoma, genetic analysis of the microdissected 
glial and sarcomatous elements, using single-strand con- 
formation analysis and direct DNA sequencing of the 
p53 gene, revealed that both cell types carried identical 
mutations (Biernat et al. 1995; Mueller et al. 2001). 
These findings suggest that the glial and sarcomatous 
cells clonally evolved from either a multipotent neural 
stem cell or an early glial progenitor that retains the 
ability to differentiate into a muscle phenotype. A simi- 
lar phenomenon was reported in recent cell culture stud- 
ies of rodent embryonic cortical neural stem cells (Muj- 
taba et al. 1998; Tsai and McKay 2000). Under defined 
culture conditions, single isolated clones of stem cells 
exhibited the capacity to differentiate into both GFAP- 
expressing astrocytes and smooth muscle cells. These 
observations are reminiscent of the widely described ten- 
dency of glioma cells to eventually lose glial and gain 
mesenchymal features with passage in culture (McK- 
eever et al. 1991). 

The development of a smooth muscle cell from a neu- 
ral stem cell is particularly noteworthy in light of their 
distinct germ cell origins, that is, CNS develops from 
ectoderm whereas muscle derives from mesoderm. In- 
deed, mounting experimental evidence has established 
that neural stem cells retain a much broader differentia- 
tion potential than previously thought. Cultured multi- 
potent neural stem cells and oligodendrocyte progenitors 
have been shown to give rise to myeloid cells when 



transplanted into irradiated mice (Bjornson et al. 1999), 
to skeletal muscle when transplanted into regenerating 
muscle (Galli et al. 2000), or to cell-type derivatives of all 
three germ layers when microinjected into blastocysts 
(Clarke et al. 2000). 



Nemal stem cells in the adult brain 

The identification, within the adult CNS, of neural stem 
cells (Reynolds and Weiss 1992; Palmer et al. 1997; Roy 
et al. 1999) endowed with the capacity for self -renewal 
and differentiation into mature astrocytes and neurons 
in response to injury (Johansson et al. 1999) revealed a 
level of plasticity in the adult brain that was previously 
unrecognized. The finding lends support to the hypoth- 
esis that neural stem cells or early glial progenitors could 
be the targets of transformation in gliomagenesis. Al- 
though these cells are localized to areas of the brain that 
are not common sites of glioma development, predomi- 
nantly the subventricular zone (Reynolds and Weiss 
1992) and the dentate gyrus of the hippocampus (Palmer 
et al. 1997; Roy et al. 1999), the proliferative and migra- 
tory capabilities of these cells predict that tumor forma- 
tion could occur anywhere in the brain. Indeed, it is con- 
ceivable that a tumor-associated mutation may activate 
the migratory nature of the stem cell sending this initi- 
ated cell out of the subventricular zone into the stria- 
tum, septum, or cortex, as is seen in embryogenesis and 
in response to exogenous epidermal growth factor in 
adult mice (Craig et al. 1996; Fricker-Gates et al. 2000). 
This premalignant cell, which is now in an aberrant lo- 
cation, could go on to acquire additional genetic muta- 
tions leading to a fully transformed cell. 



Dedifferentiation: is astrocyte differentiation 
a terminal event' 

Another possible source of transformed glia with stem 
cell-like properties is the mature astrocyte or oligoden- 
drocyte that may be induced to dedifferentiate in re- 
sponse to a genetic mutation. The existence of cells in 
the adult brain that are capable of dedifferentiation in 
response to certain stimuli lends support to the hypoth- 
esis that mature cells may be the targets in gliomagen- 
esis. For us to better understand this possible route to 
transformation, it is worth considering certain aspects of 
CNS development. 

The radial glia are among the first cells to appear in the 
developing CNS (Fig. 3), having a critical role in neural 
and glial development and in overall laminar organiza- 
tion of the neocortex (Rakic 1972). They proliferate and 
establish lattice-like scaffolding, which act as guides for 
neuronal and glial progenitors as they migrate out of the 
ventricular zone into the developing cortex (Hatten 
1990). The differentiation of radial glia into astrocytes 
takes place once all neuronal and glial cells have mi- 
grated out of the subventricular zone (Voigt 1989). Al- 
though this process was previously thought to be a ter- 
minal event, recent studies of explanted embryonic cor- 
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Figure 3. Embryonic and perinatal development of glial cells. X-axis represents days in embryonic development. Y-axis represents 
developing brain layers. Although represented as a continuum, each embryonic day represents a cross-section of cellular architecture. 
By embryonic day 8 (E8) pluripotent stem cells of the ventricular zone (blue filled circles, nestin+) driven by fibroblast growth factor 
(FGF) first produce radial glial cells (orange elongated cells) in the intermediate zone. The radial glia proliferate and establish lattice- 
like scaffolding, which act as guides for neuronal and glial progenitors as they migrate out of the ventricular zone. By E13, the 
pluripotent stem cells become progressively more EGF responsive and give rise to glial restricted progenitor, A2B5+ (shown in yellow), 
as well as continue to self-renew under the influence of EGF. The neuroblasts (green) continue to migrate via the radial glia into the 
neocortex where they undergo neuronal differentiation (green triangles). By El 8, the stem cells in the ventricular zone are responsive 
only to EGF and produce the glial restricted progenitors, A2B5+, PDGFR+ (shown in yellow) and A2B5+, PDGFR- (shown in red) which 
also migrate from the ventricular zone into the intermediate zone where they undergo differentiation into the oligodendroglial lineage 
cells (shown in yellow) or astrocyte lineage (shown in red), respectively, eventually differentiating into the mature oligodendrocyte 
(04+ MBP) and astrocyte (GFAP+). In vitro studies have shown that oligodendrocyte progenitors can differentiate into astrocytes 
(dashed arrow, E18-E21). Also, astrocytes both in vivo and in vitro may dedifferentiate into radial glial (dashed arrow, P14). 



tical tissue have shown that mature astrocytes in the 
recipient brain are able to dedifferentiate into an earlier 
radial glia-like phenotype, even those astrocytes that are 
found at considerable distances from the site of implan- 
tation (Hunter and Hatten 1995; Soriano et al. 1997). 
This action at a distance illustrates that explant-derived 
factors are capable of diffusing across long distances and 
that mature astrocytes retain the ability to respond to 
these factors. This dedifferentiation process can be trig- 
gered in vitro by the addition of conditioned media from 
embryonic brain explants (Hunter and Hatten 1995). Fur- 
thermore, it has been demonstrated that a highly selec- 
tive nontraumatic phototoxic lesion of a limited number 
of neurons in the adult mouse cortex leads to dediffer- 
entiation of astrocytes into radial glia in the surrounding 
vicinity (Leavitt et al. 1999; Magavi et al. 2000). These 



observations raise the intriguing possibility that astro- 
cytes in the adult brain can dedifferentiate into radial 
glia and acquire the full complement of proliferative and 
migratory capabilities that these important progenitor 
cells possess in early CNS development. Thus, in gli- 
omagenesis, genetic mutations may serve to convert as- 
trocytes into a more immature state in which it nor- 
mally proliferates and migrates — capabilities reminis- 
cent of the key biological properties of astrocytomas. 



Common biological and molecular themes 

in the development of normal and neoplastic glia 

The prominence of mutations in components of the cell 
cycle as well as the apoptotic pathway in gliomas with 
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the attendant dysregulation of growth, survival, and mi- 
gration suggests that these targets are likely to be impor- 
tant in glial development. What follows is a discussion of 
the various components of these pathways in gliomagen- 
esis (Table 1 ) and gliogenesis when known. 



The glioma-relevant pathways 

Growth factor pathways: PDGF and EGF Platelet-de- 
rived growth factor (PDGF) and epidermal growth factor 
(EGF) are thought to have important roles in gliogenesis: 
EGF in neural stem cell proliferation and survival, PDGF 
in glial development. The prominent overexpression of 
PDGF in low-grade gliomas and EGF receptor (EGFRj in 
GBMs suggests that these receptor tyrosine kinase (RTKj 
signaling pathways are critical targets in gliomagenesis. 
RTKs signal through several effector arms, including 
Ras/MAPK ( MAP k inase), PI3-K jphosphoinositide 3-ki- 
nase), PLC-y (Phospholipase C), and JAK-STAT (-signal 
transducers and activators of transcription), which regu- 
late cellular proliferation, cell scatter and migration, and 
cytokine stimulation (for review, see Heldin 1996). 
Given the scope of biological effects from RTK stimula- 
tion, it is reasonable to anticipate that a detailed under- 
standing of RTK function in normal brain development 
will aid in the investigation of how their dysregulation 
drives malignant transformation and/or progression. 



PDGF-PDGFR PDGF is thought to be a critical regula- 
tor of gliogenesis, with predominant effect on oligoden- 
drocyte development. During embryogenesis, neurons 
and astrocytes express PDGF (Yeh et al. 1991), whereas 
glial progenitors and neurons express the PDGF-receptor 
(R)-ct (Yeh et al. 1993). During the postnatal period, as 
glial progenitors differentiate into oligodendrocytes, 
PDGF-R-a expression is down-regulated. Accordingly, 
mice lacking the PDGF homodimer (PDGF-AA) have a 
dramatic reduction in the number of glial progenitors 
and oligodendrocytes when compared with normal mice 
(Calver et al. 1998). Conversely, neuron-specific enolase- 
directed overexpression of PDGF-AA results in a marked 
increase in the number of glial progenitors that, upon 
differentiation, generate an excess of abnormally local- 
ized oligodendrocytes that subsequently undergo apop- 
tosis before birth (Calver et al. 1998). In the adult brain, 
PDGF-R-a expression is restricted to the ventricular and 
subventricular zone of the lateral ventricles, possibly re- 
stricted to neural stem cells, whereas PDGF is widely 
expressed by neurons and astrocytes (Oumesmar et al. 
1997). In the subventricular zone of the lateral ventricle, 
PDGF-R-a, in addition to other proposed molecules 
(Gates et al. 1995), may play a role in the normal differ- 
entiation and migration of neural stem cells into neu- 
rons as they migrate to the olfactory bulb (Louis 1994). 
Curiously, PDGF-R-a positive cells, which morphologi- 
cally and immunohistochemically resemble glial pro- 



Table 1. Relationship between median survival, histological features, and major genetic lesions associated with each tumor 




Survival (5-10 years) (2-3 years) (9-12 months) 



Proliferation +/- ++ +++ 



Invasion ++ -f+ +++ 




Rx responsive 



p53 mutations 
PDGF/R o\ 



CDK4 amplification 
INK4a/ARFIoss 

PTEN loss 
DMBT1/mxi loss 
19qtoss 
11ploss 



EGFR amplification 
EGFR mutation 
INK4a/ARF loss 
PTEN loss 



Relationship between median survival, histological features and major genetic lesions associated with each tumor. Note that the 
genetic lesions listed here as associated with glioblastoma are the same for primary and secondary GBM, although the penetrance of 
the various lesions differs between the two subtypes. 
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genitors, are found scattered throughout the white mat- 
ter and cerebral cortex of rodents (Pringle et al. 1992| and 
humans [Roy et al. 1999; Scolding et al. 1999). A sub- 
population of these cells coexpress NG2 (an integral 
membrane chondroitin sulfate proteoglycan) and un- 
dergo proliferation in response to a variety of stimuli 
such as demyelination and inflammation, suggesting 
that they are dynamic cells capable of responding to 
changes in the environment (Fidler et al. 1999; Zhang et 
al. 1999). A recent study has identified these NG2/ 
PDGF-R-ce positive cells in oligodendrogliomas (Shoshan 
et al. 1 999), raising the possibility that these cells may be 
precursors of some oligodendrogliomas. 

Analysis of low-grade astrocytomas has identified two 
common events: PDGF ligand and receptor overexpres- 
sion (Heldin and Westermark 1990; Claesson-Welsh 
1994) and p53 loss-of-function mutations (Chung et al. 
1991; von Deimling et al. 1992a). Although rare astrocy- 
tomas have amplification of the PDGF-R-a receptor gene 
(Hermanson et al. 1996), the actual mechanisms leading 
to PDGF overexpression in most cases have not been 
elucidated. Tumors often overexpress both PDGF li- 
gands and receptors, suggesting the establishment of an 
autocrine stimulatory loop (Hermanson et al. 1992). The 
pattern of robust expression of PDGF ligands and recep- 
tors in low-grade gliomas tracks closely with p53 muta- 
tions (Hermanson et al. 1996), thus pointing to impor- 
tant genetic interactions between PDGF and p53. 

The proliferative stimulus provided by PDGF signal- 
ing is capable of promoting reentry into the cell cycle, a 
stimulus known to elicit a p53-mediated apoptotic re- 
sponse. Thus, one may be tempted to speculate that mu- 
tational inactivation of p53 in the setting of PDGF over- 
expression serves to promote the survival of aberrantly 
cycling premalignant cells. However, overexpression of 
this potent growth factor is associated with a very low 
proliferative rate in low-grade gliomas in vivo. There are 
several possible explanations for this apparently contra- 
dictory finding. First, perhaps the action of PDGF is in- 
complete, somehow opposed by inhibitors operating on 
the level of the core cell-cycle machinery (see below). 
Second, although PDGF stimulation of the Ras/MAPK 
signaling pathway up-regulates D-type cyclins (Weber et 
al. 1997), this focal effect may be insufficient to stimu- 
late robust cell-cycle entry in glioma cells. Third, be- 
cause PDGF engages several pathways in addition to Ras, 
it is possible that signaling through one or multiple PI3- 
K, IAK-STAT or PLC-7 pathways is more prominent 
than is signaling through Ras. In fact, the different di- 
meric forms of the related PDGF receptors may differen- 
tially activate the various components of the RTK cas- 
cade, leading to differential effector responses. Perhaps 
PDGF's most important role in the low-grade tumors 
may be to induce tumor cell migration through activa- 
tion of PI3-K and PLC-7, both of which have been impli- 
cated in migration and scattering (Heldin 1996; Willis et 
al. 2000). Although PDGF's role in smooth muscle cell, 
fibroblast, and oligodendrocyte migration is well estab- 
lished (Wolswijk et al. 1991; Bilato et al. 1995; Milner et 
al. 1997; Facchiano et al. 2000), its role in modulating 



Malignant glioma 

astrocyte migration is less well defined and therefore 
merits further investigation. Indeed, cell culture studies 
have revealed the capacity of PDGF to stimulate migra- 
tion of oligodendrocyte progenitor cells (Simpson and 
Armstrong 1999), neonatal rat cortical astrocytes 
(Bressler et al. 1985), and embryonic rat neural stem cells 
(Forsberg-Nilsson et al. 1998). In cell culture-based stud- 
ies, PDGF, in combination with bFGF, has been shown 
to promote proliferation of glial progenitors and inhibit 
their terminal differentiation (McKinnon et al. 1990). 

EGF-EGFR The majority of gene amplification events 
in high-grade astrocytomas involves EGFR (Libermann 
et al. 1985; Wong et al. 1987; Bigner et al. 1990), being 
amplified in -50% of GBMs and a few anaplastic astro- 
cytomas (Wong et al. 1987). The low frequency of ampli- 
fication seen in anaplastic astrocytomas suggests that 
EGFR activation may be responsible for driving the 
transformation process toward GBM. In attempting to 
ascribe biological function to EGFR amplification, re- 
searchers currently are attempting to address whether it 
represents the critical pathway mediating neovascular- 
ization, the marked increase in proliferation and resis- 
tance to cell death that characterizes GBM. Here again, a 
review of the role of the EGFR pathway in normal de- 
velopment may prove instructive. 

Peak EGFR expression coincides with the peak of glio- 
genesis in the embryonic and early perinatal period (Bur- 
rows et al. 1997), suggesting a critical role in astrocyte 
and/or oligodendrocyte development. Indeed, spontane- 
ous mutant mouse strains waved 1 and waved 2, now 
known to harbor the mutant TGF-a and hypomorphic 
EGFR allele, respectively (Luetteke et al. 1993, 1994), 
show decreased numbers of astrocytes and a smaller sub- 
ventricular zone compared with those of the normal 
adult brain (Weickert and Blum 1995). However, targeted 
deletion of EGFR in mice results in embryonic or peri- 
natal lethality, and the mice demonstrate cortical dys- 
genesis, neuronal ectopias, and reduced numbers of as- 
trocytes (Miettinen et al. 1995; Threadgill et al. 1995; 
Sibilia et al. 1998), suggesting that EGFR plays a more 
complex role in CNS development. This is supported by 
several lines of evidence. First, retroviral-mediated over- 
expression of EGFR in the early ventricular zone results 
in proliferation of stem cells as well as premature astro- 
cytic differentiation (Burrows et al. 1997). Second, EGF- 
responsive stem cells of the ventricular zone/subven- 
tricular zone retain the capacity to generate all three 
major cell types in vitro (Reynolds and Weiss 1996). 
Third, cultured neural stem cells, upon transplantation 
into the adult brain, preferentially differentiate into as- 
trocytes (Fricker-Gates et al. 2000). However, if EGF is 
simultaneously infused into the lateral ventricles, then 
the transplanted neural stem cells remain undifferenti- 
ated and continue to proliferate (Fricker-Gates et al. 
2000). Finally, Zhu et al. (1999) demonstrated that a spe- 
cific EGFR inhibitor that blocked EGF-induced stem cell 
proliferation did not affect bone morphogenic protein 
(BMP)-induced or ciliary neurotrophic factor (CNTF)- 
induced astrocyte differentiation, suggesting that the in- 
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creased bias to astrocyte differentiation in late embry- 
onic period is independent of EGF signaling. Taken to- 
gether, although EGFR may have a role in astrocyte dif- 
ferentiation, the signaling pathway appears to be 
necessary for sustained proliferation and perhaps sur- 
vival of the neural stem cell compartment. This is par- 
ticularly interesting in regards to the overexpression of 
EGFR in GBM and perhaps provides an important clue to 
the role of EGFR overexpression in malignant glial cells. 

There is evidence that GBMs express the endogenous 
ligands, EGF and TGF-ot (Ekstrand et al. 1991 ) in addition 
to EGFR, which is consistent with the existence of an 
autocrine growth stimulatory loop. Mechanistically, 
EGFR-driven mitogenesis appears to encompass ligand- 
driven dimerization of receptor monomers,- tyrosine ki- 
nase activation; tyrosine phosphorylation of the recep- 
tor; signaling through various coupling and adaptor pro- 
teins, such as She and Grb2, to signal transduction 
pathways driven by PLC-y, Ras/MAPK, or STAT; and 
finally, receptor-ligand internalization and lysosomal 
breakdown, leading to signal attenuation (Yarden and 
Schlessinger 1987). In malignant gliomas, specific muta- 
tions affecting Ras have not been detected. However, 
high levels of Ras-GTP have been documented in high- 
grade astrocytomas in one study (Guha et al. 1997), sug- 
gesting that the Ras effector arm may be activated by 
upstream events, such as RTK activation. 

Approximately 40% of the GBMs with EGFR amplifi- 
cation also commonly express a variant form called 
EGFRvm, AEGFR, or del2-7EGFR (herein referred to as 
activated EGFR). This mutant lacks a portion of the ex- 
tracellular ligand-binding domain as the result of geno- 
mic deletions that precisely eliminate exons 2-7 in the 
EGFR mRNA (Humphrey et al. 1990; Wong et al. 1992) 
and is constitutively autophosphorylated, albeit at a sig- 
nificantly lower level than is seen in ligand-driven wild- 
type EGFR phosphorylation (Ekstrand et al. 1991; Nishi- 
kawa et al. 1994). Unlike wild-type EGFR, the constitu- 
tively active mutants are not down-regulated, suggesting 
that their altered conformation does not result in expo- 
sure of receptor sequence motifs required for endocyto- 
sis, lysosomal degradation, and signal attenuation. The 
introduction of this truncated receptor into glioma cells 
dramatically enhances their tumorigenicity in vivo 
(Nishikawa et al. 1994) through both increased cellular 
proliferation and reduced apoptosis (Nagane et al. 1996). 
In addition, it confers resistance to chemotherapeutic 
drugs such as cisplatin through modulation of Bcl-X L 
expression and consequent inhibition of induction of 
apoptosis by the drug treatment (Nagane et al. 1998). 
EGFR autocrine signaling induces cell scattering and mi- 
gration in glioma cells in vitro (El-Obeid et al. 1997), and 
glioma cells expressing mutant EGFR show enhanced 
invasiveness when implanted in the mouse brain and 
compared with control cells (Mishima et al. 1999). 

The p53 Pathway Allelic loss of chromosome 17p and 
pS3 mutations are observed with equal frequency in low- 
grade gliomas, anaplastic astrocytomas, and secondary 
glioblastomas (Louis 1994), suggesting that inactivation 



of p53 is an early event in gliomagenesis. In human glio- 
mas, p53 mutations are primarily missense mutations 
and target the evolutionarily conserved domains in ex- 
ons 5, 7, and 8, thus affecting residues that are crucial to 
DNA binding (Louis and Cavanee 1997). The observation 
that gliomas are part of the tumor spectrum seen in pa- 
tients with Li-Fraumeni syndrome (Malkin et al. 1990) 
serves to solidify a causal role for p53 inactivation in 
gliomagenesis. Because brain radiation during childhood 
is the only definitive risk factor for the development of 
gliomas (Ron et al. 1988; Neglia et al. 1991 ), it is possible 
that this link could reflect deactivation of the p53-de- 
pendent DNA damage checkpoint response so as to per- 
mit cell survival following radiation exposure. Although 
p53 status has been examined in several high-grade glio- 
mas following radiation (Brat et al. 1999), an examina- 
tion of p53 mutations has not been conducted in low- 
grade astrocytomas. 

The characteristically low mitotic rate and high rate of 
further transformation seen in low-grade gliomas may 
reflect direct consequences of p53 inactivation. Perhaps 
the genomic instability associated with p53 loss facili- 
tates the accumulation of additional genetic mutations 
that promote the transformation to secondary GBMs. 
However, the 5-10 year latency for this transition sug- 
gests that p53-related genomic instability may not be the 
primary genetic defect driving this lethal transition. At 
the very least, p53 deficiency appears to play a permis- 
sive role, as suggested by the clonal outgrowth of sub- 
populations of low-grade glioma cells seen in high-grade 
astrocytomas with homogeneous p53 mutations (Sidran- 
sky et al. 1992). 

Perhaps the most important modulator of p53 is one of 
its downstream gene targets, MDM2, a gene located in 
the 12qI4.3-ql5 chromosomal region encoding a 54-kD 
protein (Mitchell et al. 1995). MDM2 inhibits p53 tran- 
scriptional activity directly by binding to the N-terminal 
transactivation domain and also functions as an E3 ubiq- 
uitin ligase, serving a critical role in the ubiquitination 
and proteosomal degradation of p53 (Momand et al. 
1992; Haupt et al. 1997; Kubbutat et al. 1997). Transcrip- 
tion of the MDM2 gene is induced by p53 (Barak et al. 
1994; Zauberman et al. 1995), creating a negative feed- 
back loop that regulates the activity of the p53 protein 
and expression of MDM2 (Picksley and Lane 1993). 

p53 engages a network of genes that could conceivably 
participate in the transformation process, particularly in 
tumors in which p53 remains wild type. Yet curiously, 
mutations in known downstream targets, such as p21 
and BAX, have not been documented in gliomas, al- 
though a more extensive genome- wide survey of the p53 
transcriptome has not been performed. Lack of these 
downstream mutations may relate to the need to impact 
on p53 itself, given its keystone role in processes of 
transformation. Alternatively, dysregulation of the p53 
pathway may occur more commonly on the level of post- 
translational regulation, impacting on p53 stability and 
activity. Along these lines, however, an analysis of glio- 
mas with intact p53 has revealed an absence of MDM2 
amplification or overexpression in low-grade gliomas 
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(Reifenberger et al. 1993) and only a low frequency of 
amplifications in anaplastic astrocytomas and GBMs. 
The recent observation of epigenetic silencing of Apaf-1 
in melanomas with intact p53 (Soengas et al. 1999) as 
well as the ability of MDMX to regulate p53 activity in 
cancer cells (Jackson and Berberich 2000) should expand 
the search for additional genetic lesions along the p53 
pathway in malignant gliomas and the way such alter- 
ations influence tumor biology and therapeutic re- 
sponses. 

The RB pathway (RB, CDK4/6, and INK4a) The trans- 
formation from low- to intermediate-grade gliomas (ana- 
plastic astrocytomas) is characterized primarily by a dra- 
matic increase in mitotic rate without induction of neo- 
vascularization. The transition is accompanied by allelic 
losses on chromosomes 9p and 13q, and less frequently, 
by 12q amplification. Notably, these mutations are mu- 
tually exclusive events (Schmidt et al. 1994; Ueki et al. 
1996) and are now known to be key components of the 
RB pathway (Fig. 4). 

The retinoblastoma gene {RBI) maps to chromosome 
13ql4 and encodes the 107-kD retinoblastoma protein 
(pRB), a major regulator of cell-cycle progression. In the 
quiescent cell, pRB is in its hypophosphorylated state 
bound to E2F, preventing transcription of genes impor- 
tant for mitosis and thus preventing progression through 



the Gl/S restriction point (for review, see Sherr 1996). 
Mitogen-induced Ras/MAPK signaling promotes cyclin 
Dl transcription, which subsequently complexes with 
cyclin-dependent kinases (CDKs) 4 and 6 initiating the 
phosphorylation of pRB. Phosphorylation is completed 
by cyclin E/CDK2, causing release of pRB from E2F, ac- 
tivation of E2F-responsive genes, and subsequent entry 
into S phase. Negative regulation of the CDKs is accom- 
plished by the CDK inhibitors (CKIs), one family of 
which inhibits the Gl CDK4 and CDK6, and a second 
CKI family that acts as a more general inhibitor of CDKs 
including CDK2. Unscheduled cell-cycle entry can re- 
sult from mutational inactivation of RB itself or the 
CKIs, epigenetic down-regulation of CKI levels, or am- 
plification/overexpression of CDK4 or 6 or the D-type 
cyclins (for review, see Sherr 1 996). Germline mutations 
in RB are associated with retinoblastoma, the most com- 
mon pediatric intraocular tumor, arising after transfor- 
mation of an immature progenitor cell in the inner reti- 
nal neuroepithelium (Gonzalez-Fernandez et al. 1992). 
Expectedly, RB mutations have been described -25% of 
high-grade astrocytomas (James et al. 1988; Henson et al. 
1994). 

pRB has been implicated in cellular differentiation 
(refs), although a direct role for RB in normal gliogenesis 
has not been identified. Recent data, however, have 
pointed to a key component in the RB pathway, the CKI 




Apoptosis 



Figure 4. Integration between RTK pathways and the cell cycle. RTK, activated in gliomas by PDGF or EGFR, can signal through 
Ras-ERK/MAPK, PLC7, JAK-STAT, and PI3-K pathways. Shown here, Ras and PI3-K engage the cell-cycle machinery at different 
levels. {Blue) RTK pathways, {yellow) cell-cycle components, {gieen) PTEN pathway, {red) components of RTK, cell cycle, or PTEN 
pathway mutated in malignant gliomas. 
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p27Kipl (hereafter referred to as p27), in the timing 
mechanism governing progenitor cell commitment. p27 
regulates progression from Gl to S phase by directly in- 
hibiting cyclin E-dependent kinases and indirectly in- 
hibiting cyclin D-dependent kinases (Sherr 2000). In 
three different neuronal cell types— the oligodendrocyte 
progenitor 02-A (Durand et al. 1998), retinal progenitors 
(Levine et al. 2000), and granule cells of the cerebellum 
(Migheli et al. 1999; Miyazawa et al. 2000)— p27 levels 
have been shown to increase progressively as these cells 
proliferate in culture. Progressive accumulation of p27 to 
a critical threshold coincides with cell-cycle arrest and 
onset of differentiation. Consistent with a prominent 
role for p27 in these processes are findings that overex- 
pression of p27 can inhibit proliferation of the progeni- 
tors, whereas loss of p27 function allows for an increase 
in the number of glial progenitor cell divisions (Tikoo et 
al. 1998). These patterns are highly analogous to the he- 
matopoietic system, in which p27 deficiency has been 
shown to increase the proliferation of the progenitor pool 
while having no discernible impact on the pluripotent 
stem cell compartment (Cheng et al. 2000). Although 
cancer-associated p27 mutations have not been reported, 
GBM cell lines and glial tumors exhibit an inverse cor- 
relation between the levels of p27 protein and the pro- 
liferative (Ki-67) index and mortality rates (Fuse et al. 
2000). Although it is reasonable to assume that p27 is 
executing these actions through its regulation of RB, it is 
worth noting that other E/CDK2 substrates may be the 
principal mediators of p27's effects on stem cell behav- 
ior. Resolution of this issue will require further study. 

The second component of the RB pathway that is tar- 
geted in gliomas is the Gl cyclin-dependent kinase fam- 
ily members, CDK4 and 6. The gene encoding the 33-kD 
CDK4 protein maps to chromosome 12ql3-14 (Deme- 
trick et al. 1994), whereas that encoding the 38-kD 
CDK6 protein maps to chromosome 7q21-22 (Bullrich et 
al. 1995). The CDK4 gene is amplified 10- to 100-fold in 
nearly 15% of high-grade gliomas (Reifenberger et al. 
1994; Nishikawa et al. 1 995). In a small number of cases, 
tumors without amplification of CDK4 or loss of RB har- 
bor CDK6 amplification, suggesting that the two pro- 
teins are functionally equivalent in gliomagenesis (Cos- 
tello et al. 1997). In cultured mouse astrocytes, overex- 
pression of CDK4 alone promotes immortalization and 
hyperploidy but not proliferation (Holland et al. 1998b). 
These data suggest that the induction of proliferation 
requires additional changes in the RB pathway and/or 
cooperative interactions with other growth control path- 
ways. The INK4a tumor suppressor gene maps to 9p21, a 
region that is lost in many human cancers. This locus, 
and the syntenie region on mouse chromosome 4, con- 
tains two closely linked genes: INK4a and INK4b, which 
encode pl6 INK4a and pl5 INK4b , respectively (Quelle et al. 
1995a). These CKIs inhibit the binding of activating D- 
type cyclins to CDK4/6 and displace p27, which in tum 
binds to and inhibits CDK2. The net result is the pre- 
vention of CDK-mediated phosphorylation of pRB and 
subsequent release into S phase (for review, see Sherr 
2000). Importantly, a third protein is also encoded by the 



INK4a gene through use of an upstream first exon (lpj 
and an alternate reading frame in the shared second and 
third exons with pie™* 43 (Quelle et al. 1995b). The pro- 
tein, designated pl9 ARF (for alternate reading frame), is 
discussed in greater detail below. pl6 INK4a is commonly 
mutated or deleted in human cancer, whereas pl5 INK4b 
appears to be lost primarily as a bystander of larger de- 
letions targeting INK4a (Haber 1997). Loss of pl6 mKiA 
drives CDK4/6 toward a more highly activated state, re- 
sulting in pRB hyperphosphorylation with associated de- 
repression of pRB-regulated genes and unscheduled entry 
into S phase. Germline mutations in pl6 INK4a predispose 
to melanoma and pancreatic adenocarcinoma but do not 
appear to promote glioma (Hall and Peters 1996). How- 
ever, inactivation of p^"^ 4 * is very common in spo- 
radic gliomas, occurring in 50%-70% of high-grade glio- 
mas and in -90% of GBM cell lines (James et al. 1991; 
Olopade et al. 1992), usually via homozygous gene dele- 
tion, although coding region point mutations and meth- 
ylation of 5'CpG islands have been documented (Her- 
man et al. 1995; Costello et al. 1996). 

Ectopic expression of pl9 ARF has been shown to in- 
hibit the growth of human glioma cells in culture (Arap 
et al. 1997), consistent with its role as a second tumor 
suppressor in this locus. Its function is distinct from 
pl6 rNK4a m £ pi5iNK4b in tnat it does nQt function as a 

CKI but rather operates in the p53-MDM2 circuit. 
Through direct binding to MDM2, pl9 ARF blocks the 
degradation of p53, leading to its stabilization. In addi- 
tion, it enhances apoptosis in a p53-dependent manner 
(Kamijo et al. 1997; Pomerantz et al. 1998; Stott et al. 
1998; Zhang et al. 1998), induces Gl and G2 phase cell- 
cycle arrest (Quelle et al. 1995b ; Kamijo et al. 1997), and 
blocks oncogenic transformation (Pomerantz et al. 1998). 
Importantly, a recent study of the INK4a locus in a fa- 
milial syndrome — the melanoma/nervous system tu- 
mors—has identified a family with deletion exclusively 
affecting pl9 ARF (Randerson-Moor et al. 2001). 

Mice that lack the INK4a/ARF exons 2 and 3 (and 
hence are doubly null for p 1 e™ 1543 and p 1 9 ARF ) are highly 
tumor prone, although the relative contribution of each 
tumor suppressor gene to the phenotype is still unclear 
(Serrano et al. 1996). INK4a/ARF null mice develop lym- 
phomas and fibrosarcomas by 9 months of age but do not 
develop malignant gliomas. Of interest, however, is that 
pl9 ARF null mice spontaneously developed gliomas at 
low penetrance, predominantly of low-grade histology 
(Kamijo et al. 1999). It is not clear to what extent strain- 
specific modifiers and laboratory environmental differ- 
ences contribute to the difference in glioma incidence in 
these two mutant strains. 

Taken together, these data provide strong evidence 
that the dramatic increase in proliferation that is char- 
acteristic of the transformation from low-grade to inter- 
mediate-grade glioma relates in large part to dysregula- 
tion of the RB pathway. Most compelling is the lack of 
mutational overlap seen among the various members of 
this pathway, which argues that an important therapeu- 
tic goal in the treatment of these tumors must be the 
restoration of RB pathway control. Similarly, because 
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disruption of this pathway underlies further transforma- 
tion in low-grade tumors, pharmacologic maintenance or 
restoration of normal RB function may help thwart ma- 
lignant progression. Alternatively, RB status may pro- 
vide opportunities to utilize agents that operate exclu- 
sively in RB-deficient tumor cells. For example, adeno- 
viral vectors that contain transgenes driven by the E2F-1 
promoter take advantage of the dysregulation of E2F-1 in 
tumor cells, allowing tumor-selective expression of 
genes that are under E2F-1 promoter control (Parr et al. 
1997). 

Chromosome lOq tumor suppressors (PTEN, Mxil, 
DMBT1) LOH on the long arm of chromosome 10 is a 
common cytogenetic finding in high-grade gliomas, af- 
fecting 75%-90% of these tumors (Fults and Pedone 
1993; von Deimling et al. 1993; Lang et al. 1994) as well 
as several other human cancer types. The PTEN (for 
phosphatase and tensin homology) gene, also known as 
MMAC1 (for mutated in multiple advanced cancers) and 
TEP-1 {tor TGF-p-regulated and epithelial cell-enriched 
phosphatase), was identified simultaneously by two 
groups (Li et al. 1997; Steck et al. 1997) as a candidate 
tumor suppressor gene located at chromosome 10q23.3. 
Germ-line PTEN mutations have been detected in the 
autosomal dominant cancer predisposition disorders, 
Cowden disease, Bannayan-Zonana syndrome, and juve- 
nile polyposis syndrome (Liaw et al. 1997; Eng and Pea- 
cocke 1998). These syndromes are notable for harmato- 
mas, benign tumors consisting of normal differentiated 
cells within highly disorganized tissue architectures, in 
addition to these benign neoplasia-prone familial syn- 
dromes, PTEN mutations are encountered in a wide 
spectrum of sporadic advanced malignancies, including 
melanoma and carcinomas of the prostate endometrium, 
kidney, and lung (Steck et al. 1997; Li and Sun 1998). 
Among high-grade gliomas, 30%^*4% demonstrate 
PTEN mutations (Wang et al. 1997). The high mutation 
rate of this gene in human cancers, in the face of more 
benign neoplastic presentation in the familial syn- 
dromes, points to the importance of cooperating genetic 
lesions in unleashing the full potential of PTEN loss of 
function in oncogenesis, progression, or tumor mainte- 
nance. In this regard, PTEN mutations are found in ana- 
plastic astrocytomas and GBMs, both primary and sec- 
ondary, suggesting that there may be important interac- 
tions with the RB and/or EGFR pathways. The protein 
product of the PTEN gene contains a central domain 
with perfect sequence consensus to the catalytic region 
of protein tyrosine phosphatases and an N-terminal do- 
main with extensive homology to tensin and auxilin, 
which are cytoplasmic proteins involved in interactions 
with actin filaments at focal adhesions and uncoating of 
clathrin-coated vesicles, respectively. Correspondingly, 
PTEN has been demonstrated to possess protein phos- 
phatase activities (Myers et al. 1997; Tamura et al. 1998) 
and 3' phosphoinositol phosphatase activities (Maehama 
and Dixon 1998). The former is important in regulating 
cell migration and invasion by directly dephosphorylat- 
ing focal adhesion kinase (FAK) (Tamura et al. 1998). The 



latter is directed against the product of PI3-K, Ptdlns- 
3,4,5-P3 (Maehama and Dixon 1998), a lipid second mes- 
senger required for activation of the AKT/PKB Ser/Thr 
kinase, which in turn modulates the activity of a variety 
of downstream proteins shown to play important roles in 
cell proliferation and survival. Loss of PTEN function in 
tumor cells and in cells derived from PTEN-deficient 
mice correlates with an increase in cellular levels of Pt- 
dIns-3,4,5-P3, leading to enhanced activation of AKT/ 
PKB (Myers et al. 1998; Stambolic et al. 1998; Wu et al. 
1998). Indeed, it has recently been shown that Ras can 
cooperate with activated Akt to induce gliomas in mice 
(Holland, 2001). Introduction of wild-type PTEN into 
glioma cells containing endogenous mutant alleles 
causes in vitro and in vivo growth suppression (Fumari 
et al. 1997; Cheney et al. 1998) but is without effect in 
cells containing endogenous wild-type PTEN. This 
growth suppression is caused by a Gl cell-cycle block in 
GBM cells (Furnari et al. 1998; Li and Sun 1998); how- 
ever, sensitivity to anoikis (detachment-induced apopto- 
sis) can also be detected (Myers et al. 1998). Furthermore, 
although some mutants of PTEN that lack growth-sup- 
pressive activity are invariably defective for 3' phosphoi- 
nositol phosphatase activity, some retain activity 
against protein substrates (Furnari et al. 1998; Myers et 
al. 1998; Vazquez et al. 2000), indicating that the lipid 
phosphatase activity of PTEN is essential for cellular 
growth control. PTEN is a bona fide tumor suppressor in 
the 10q23 region, whose actions appear to be most rel- 
evant to processes of glioma progression. It is notewor- 
thy, however, that there exists a discrepancy between 
LOH for this chromosomal region and the mutation fre- 
quency of the gene (30%-44 %) (Teng et al. 1997), thus 
suggesting that other glioma suppressor genes reside in 
this region. One such candidate is Mxil, a member of the 
Mad (Mxil) family of proteins, which are potent antago- 
nists of Myc oncoproteins in vivo (Schreiber-Agus and 
DePinho 1998; Schreiber-Agus et al. 1998). Mad proteins 
modulate cellular growth control and may participate in 
the induction and maintenance of the differentiated 
state (Grandori et al. 2000). In the CNS, Myc and the 
Mad family proteins appear to be involved primarily in 
neuronal differentiation (Queva et al. 1998); a direct role 
in astrocyte differentiation has not been established. 
Mxil maps to chromosome 10q24-26, in a region very 
close to the PTEN locus (Edelhoff et al. 1994), and is 
mutated in prostate adenocarcinoma (Di Cristofano et al. 
1998). In a small series of astrocytomas, Mxil was found 
to be lost in 15% of high-grade tumors but was normal in 
low-grade tumors (Ichimura et al. 1998), consistent with 
a role in accelerated proliferation seen in the high-grade 
gliomas. Allelic loss of Mxil was demonstrated in 7 of 1 1 
GBMs, although no somatic mutations were found in 
any of the coding exons (Wechsler et al. 1997). Expres- 
sion of Mxil in a human glioma cell line lacking Mxil 
resulted in a decreased growth rate associated with a 
block of G2-M (Wechsler et al. 1997), as well as morpho- 
logical changes in the cells. These data support the pos- 
sibility that Mxil could be functioning as a tumor sup- 
pressor gene in gliomas. Mice lacking Mxil develop mild 
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prostatic hyperplasia but no frank prostate cancer, lym- 
phoma with a long latency, and no gliomas (Schreiber- 
Agus et al. 1998), implying a need for cooperating genetic 
events in gliomagenesis. Amplification of Myc is seen 
only rarely in high-grade gliomas, thus weakening the 
conclusion that Mxil loss is an important target in gli- 
omagenesis. Perhaps the direct targeting of the RB regu- 
latory pathway is sufficient to induce robust cell-cycle 
entry without the need for further Myc-enforced cell- 
cycle stimulation. Recent analysis of a homozygous de- 
letion of 10q25-26 in a medulloblastoma cell line has 
raised the possibility that DMBT1 (for deleted in malig- 
nant brain tumors) may be another tumor suppressor 
gene in this locus. It is a homolog of the scavenger re- 
ceptor cysteine-rich (SRCR) superfamily (Mollenhauer et 
al. 1997) and has been shown to be deleted in 50%-80% 
of GBMs and anaplastic astrocytomas (Lin et al. 1998; 
Sano et al. 1999), frequently without deletion of PTEN. 
Loss of DMBT1 has also been demonstrated for pancre- 
atic adenocarcinoma, prostate cancer, and small-cell 
lung cancer. Although its function is unknown, or- 
thologs in mice and rabbit, CRP-ductin and hensin, re- 
spectively, have been implicated in epithelial differen- 
tiation, immune defense, and polarity reversal (Al- 
Awqati et al. 1999; Takito et al. 1999). 

The relative contribution of each of these three genes 
in gliomagenesis has yet to be determined. It is possible 
that DMBT1 homologous deletions are simply unmask- 
ing constitutional deletion polymorphisms (H. Sasaki 
and D.N. Louis, unpubl). However, the high rate of LOH 
in an area of chromosome 10 encompassing these three 
genes in anaplastic astrocytomas and GBMs suggests 
that loss of two or more tumor suppressors on lOq may 
help drive the progression from a low- to high-grade 
glioma phenotype. Particularly intriguing is the finding 
that lOq LOH is frequently found in association with 
amplification of EGFR in primary GBMs (von Deimling 
et al. 1992b), raising the possibility that the interaction 
between EGFR signaling and one or more of these genes/ 
pathways may be involved in producing the aggressive 
features of GBM. 

Other glioma loci Allelic losses of chromosome 19q 
occur in 40% of high-grade astrocytic tumors (von Deim- 
ling et al. 1994). Deletion mapping has narrowed the can- 
didate region to the 19ql3.3 between the D19S4U and 
STD loci, a region that may span as little as 150 kb 
(Smith et al. 2000). Although the putative tumor sup- 
pressor gene has not yet been identified, three interesting 
genes reside in this locus. The first is ANOVA (for as- 
trocytic NOVA- 1 -like gene encoding a putative astro- 
cytic RNA-binding protein), although mutational analy- 
ses of human gliomas have failed to detect deletions or 
mutations (Ueki et al. 1996). The second, a protein serine 
threonine phosphatase gene (Yong et al. 1995), and the 
third, the EHD genes that encode novel members of a 
highly conserved family of EH (esp 15 homology) do- 
main-containing proteins (Pohl et al. 2000), are potential 
candidates, although mutational analysis in human glio- 
mas has not yet been performed. 



Loss of hetero2ygosity of chromosome 22q occurs in 
20%-30% of gliomas of all grades (James et al. 1988; 
Fults et al. 1990), suggesting the presence of a tumor 
suppressor gene that participates in the early stages of 
gliomagenesis. The neurofibromatosis 2 (NF2) gene has 
been mapped near this region. However, sequence analy- 
sis of NF2 in astrocytomas of various grades failed to 
reveal intragenic mutations (Rubio et al. 1994), and cy- 
togenetic and LOH studies have pinpointed 22q loss to 
regions telomeric to NF2 (Ransom et al. 1992). Thus, this 
potentially relevant tumor suppressor gene(s) remains 
undefined. 

Mutational profile of oligodendrogliomas The molecu- 
lar genetic profiles of both oligodendroglioma and oli- 
goastrocytoma differ significantly from those of the pure 
astrocytic gliomas, and as such they are discussed sepa- 
rately here. Oligodendrogliomas display frequent allelic 
loss of the short arm of chromosome 1 and the long arm 
of chromosome 19. lp and 19q loss occurs in -50%-70% 
of both low-grade and anaplastic tumors, suggesting that 
these are early changes in oligodendroglioma genesis 
(Louis and Cavenee 2000; Reifenberger et al. 2000). 
These allelic losses are tightly linked with one another, 
thus constituting a molecular signature for oligodendro- 
glioma (Cairncross et al. 1998; Ino et al. 2001). Although 
the 19q candidate region has been extensively mapped 
over the past few years (Smith et al. 2000), the lp and 19q 
glioma genes remain to be identified. It is notable that 
once oligodendrogliomas progress to the anaplastic 
stage, they share progression-associated genetic changes 
with other high-grade gliomas. Such alterations include 
deletions of chromosome 9p that include the INK4a/ 
ARF region, and thus they inactivate pi 6, ARF, and pl5 
function; alterations also include losses of chromosome 
lOq that are associated with inactivating PTEN gene mu- 
tations and occasional p53 gene mutations (Cairncross et 
al. 1998; Louis and Cavenee 2000; Reifenberger et al. 
2000; Ino et al. 2001; H. Sasaki and D.N. Louis, unpubl.). 

The molecular genetic basis of oligoastrocytomas is 
less well defined, primarily because the histological di- 
agnosis of oligoastrocytoma remains subjective (Reifen- 
berger et al. 2000). It is therefore not surprising that most 
studies of oligoastrocytoma have identified changes 
characteristic of both oligodendroglial and astrocytic tu- 
mors. Such genetic alterations appear to denote subtypes 
of oligoastrocytoma, with some oligoastrocytomas har- 
boring oligodendroglioma-like genotypes featuring lp 
and 19q loss and other oligoastrocytomas having more 
astrocytoma-like genotypes with p53 mutations (Maintz 
et al. 1997; Reifenberger et al. 2000). As discussed above, 
it likely that these subtypes reflect differences in the 
neoplastic cell-of-origin, and thus, a greater understanding 
of the impact of various genetic mutations on the state of 
glial differentiation will likely prove invaluable in the di- 
agnosis and potentially in the treatment of these tumors. 

The migratory nature of normal and transformed glia 
The ability of glioma cells to widely invade normal brain 
tissue is a key property of the malignant gliomas (Scherer 
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1940) and one that is not seen in any solid tumor that 
metastasizes to the brain. Invasion does not correlate 
with glioma grade, since low-grade astrocytomas invade 
extensively throughout normal brain tissue without dis- 
rupting brain cytoarchitecture or neuronal function. 
Glioma cell invasion bears striking resemblance to the 
robust migration of glial and neuronal cells during em- 
bryogenesis (Flatten 1999), and it likely that the mecha- 
nisms underlying invasion simply reflect a reactivation 
of the mechanisms regulating early glial migration. 

During embyrogenesis, cells migrate out of the sub- 
ventricular zone in a radial pattern associated with the 
radial glia lattice-like scaffolding, as discussed above. 
Subsequently, migration occurs in a transverse pattern 
in parallel with the surface of the brain, possibly along 
axonal processes. Migration ceases by postnatal day 14 
(Levison et al. 1993); it is temporally related to collapse 
of the radial glial scaffold after terminal differentiation of 
these cells (Voigt 1989; Kakita and Goldman 1999). In 
the adult CNS neurons, astrocytes and oligodendrocytes 
are fixed in position and do not migrate (Small 1992). 
However, it has been demonstrated experimentally that 
brain injury (e.g., cortical stab or ischemic injury) in- 
duces migration of nestin-positive cells from the subven- 
tricular zone to the site of injury (Weinstein et al. 1996; 
Johansson et al. 1999; Namiki and Tator 1999; Takagi et 
al. 1999; Liu et al. 2000; Magavi et al. 2000). These pre- 
sumed neural stem cells and glial progenitors then un- 
dergo terminal differentiation into astrocytes. The 
mechanism by which these cells migrate throughout the 
substance of the mature brain, devoid of a radial glial 
lattice, is not known. However, this finding lends sup- 
port to the concept that there are cells in the adult brain, 
most likely the neural stem cell and glial progenitor 
pools, that retain the ability to migrate under specific 
conditions. Whether the genetic pathways governing mi- 
gration can be dysregulated by malignant transformation 
of a differentiated astrocyte or glial precursor is un- 
known, but it is reasonable to assume that such path- 
ways represent common targets in gliomagenesis. 

A recent study exploited the migratory property of 
neural stem cells for delivery of a cytotoxic drug to re- 
mote sites of implanted tumor cells (Aboody et al. 2000). 
It was demonstrated that neural stem cells and tumor 
cells co-clustered at distances remote from the tumor 
injection site, raising the intriguing possibility that both 
tumor cells and neural stem cells migrate along similar 
substrate pathways in the adult brain. The most frequent 
route of invasion of glial tumor cells is along white mat- 
ter tracts and basement membrane of blood vessels. 
Whether this route offers a path of least resistance or 
biochemical substrates mediate adhesion and promote 
migration is unclear. Invasion and migration in glial tu- 
mors differ from the process in other tumors in which 
local spread is very limited and dissemination occurs 
hematogenously or via the lymphatic system. It has been 
shown experimentally that glioma cells lack the ability 
to penetrate the basement membrane of blood vessels 
(Bernstein and Woodard 1995), which could possibly ex- 
plain the paucity of systemic metastases in gliomas. Ad- 



ditionally, it appears that cells gaining access to the 
blood via a disrupted blood vessel within the tumor are 
unable to establish robust tumor growth outside the 
CNS, again establishing major biological differences be- 
tween gliomas and other solid tumors. It has been dem- 
onstrated that invasion of non-glioma solid tumors re- 
quires proteases to degrade the surrounding stromal cells 
and extracellular matrix (Mignatti and Rifkin 1993). The 
matrix metalloproteinases (MMPs) appear to play an im- 
portant role in this mechanism,- as a result, this has been 
an intense area of both basic and clinical investigation 
(for review, see Uhm et al. 1997). However, the role of 
MMPs in glioma invasion is less clear. Immunohisto- 
chemical data have shown that MMP-2 and MMP-9 are 
highly expressed in gliomas although associated only 
with anaplastic astrocytomas and GBMs (Nakagawa et 
al. 1994; Nakada et al. 1999). MMP-9 immunoreactivity 
is most intensely associated with endothelial vessels and 
not with tumor cells, likely reflecting the onset of an- 
gjogenesis in GBM (Nakagawa et al. 1994). Complement- 
ing the increase in MMPs, the tissue inhibitors of MMPs 
(TIMP1 and 2) are expressed at low levels in malignant 
gliomas (Yamamoto et al. 1994). Other non-MMP prote- 
ases, including urokinase-type plasminogen activator 
(uPA) (Landau et al. 1994; Yamamoto et al. 1994) and 
cystein proteases (e.g., cathepsin B) (McCormick 1993), 
are elevated in high-grade gliomas (for review, see Uhm 
et al. 1977). Despite these findings, the role of proteases 
in glioma invasion remains unclear because low-grade 
astrocytomas diffusely infiltrate the brain, despite rela- 
tively normal levels of the proteases. An understanding 
of the molecular events driving migration in adult brain 
in response to normal stimuli should provide insights 
into how these mechanisms are co-opted by glioma cells, 
resulting in the highly infiltrative nature characteristic 
of these tumors. Most informative will be a greater un- 
derstanding of whether glioma cell migration is a prop- 
erty of the tumor cell-of-origin (i.e., stem cells or glial 
precursors) that persists in the adult brain or, rather, is a 
reactivation of the migratory machinery operative dur- 
ing development. 

Vascular development and GBM angiogenesis 
The striking and dramatic induction of angiogenesis in 
GBM has fueled the speculation that progression to GBM 
requires activation of angiogenesis and has stimulated 
significant efforts in the development of agents that will 
block this process. In particular, two pathways have re- 
ceived considerable attention. They are vascular endo- 
thelial growth factor (VEGF) and its receptors, VEGFR1 
(Flt-1) and VEGFR2 (Flk-1), and the angiopoietins and 
their Tie 2 receptor system. VEGF has been shown to be 
critical for the earliest stages of vasculogenesis, promot- 
ing endothelial cell proliferation, differentiation, migra- 
tion, and tubular formation. Gene targeting studies have 
shown that deficiency of VEGF, Flt-1, or Flk-1 results in 
early embryonic lethality caused by defects in angiogen- 
esis and vasculogenesis (Shalaby et al. 1995; Carmeliet et 
al. 1996; Ferrara et al. 1996). Specific VEGF inhibitors 
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have recently been introduced into clinical glioma trials, 
and results are forthcoming. Encouragingly, the putative 
antiangiogenic agent, thalidomide, has been shown to 
have activity in patients with recurrent high-grade glio- 
mas iFine et al. 2000). 

In the case of the angiopoeitins, genetic studies in the 
mouse have shown that angiopoietin-1 (Anglj promotes 
remodeling and stabilization of VEGF-induced vessels 
(Sato et al. 1995; Suri et al. 1996) through interactions 
between endothelial cells and surrounding pericytes and 
extracellular matrix. Angiopoietin-2 (Ang2) appears to be 
a natural antagonist of Angl, responsible for destabiliza- 
tion of mature vessels in the context of vessel regression 
or angiogenesis in a VEGF-dependent manner. Thus, 
Ang2 expression results in reversal of the maturation 
process mediated by Angl, leading to disruption of in- 
teractions between endothelial cells, pericytes, and the 
extracellular matrix. In the presence of VEGF activity, 
the Ang2 effect is followed by sprouting and ingrowth of 
new vessels (i.e., neovascularization). However, in the 
absence of concomitant VEGF expression, Ang2-medi- 
ated destabilziation leads to regression of blood vessels. 
On the basis of these results, one can easily envision a 
therapeutic strategy targeted to the tumor in which 
Ang-2 is induced in the setting VEGF inhibition, a com- 
bination predicted to induce vascular collapse in the tu- 
mors. The strong genetic validation has justified ongoing 
angiopoeitin-directed drug development initiatives. 

During normal brain development, the primitive vas- 
cular plexus formed by mesoderm-derived angioblasts 
envelops the brain without penetrating the parenchyma. 
At gestational day El 1 in the mouse, vascular sprouts 
originating from the perineural plexus extend radially 
into the neuroectoderm toward the ventricles, a chemo- 
tactic extension driven by high levels of VEGF in the 
ventricular zone (Breier et al. 1992). Consistent with the 
peak of VEGF expression that occurs soon after birth and 
its subsequent down-regulation by post-natal days 15-20 
in rodents (Breier et al. 1992), endothelial cell prolifera- 
tion declines postnatally and increased brain size is 
matched by elongation of preexisting vessels. Notably, 
the spatial and temporal pattern of VEGF expression cor- 
relates tightly with that of EGFR, specifically in the sub- 
ventricular zone during the latter half of embryonic de- 
velopment (see above). This observation, coupled with 
the finding of EGF-dependent VEGF expression in cul- 
tured astrocytes (Goldman et al. 1993), suggests a poten- 
tial link between EGFR signaling and VEGF activity, a 
provocative link that is further strengthened by the ap- 
pearance of EGFR mutation or amplification concomi- 
tant with induction of angiogenesis in GBM lesions. 

Although the mechanism driving the angiogenic burst 
in GBM has yet to be elucidated, evidence indeed exists 
pointing to a pivotal role for VEGF (Millauer et al. 1 994; 
Cheng et al. 1996). It has long been held that the rapid 
proliferative rate of GBM creates local ischemia and hyp- 
oxia, leading to induction of angiogenesis that is medi- 
ated by VEGF activity. This is based on the observation 
that marked VEGF expression is localized to regions of 
perinecrotic (palisading) cells at expanding edges of the 



tumor (Plate et al. 1992). However, a recent study has 
shed doubt on this dogma. Zagzag et al. (2000) demon- 
strated that glioma cells implanted into murine brain 
actually hone initially to existing vasculature. This co- 
optation of host vessels eventually leads to induction of 
Ang2 expression in the host endothelial cells and Ang- 
2-mediated destabilization (as manifested by the lifting 
of astrocytic foot processes away from endothelial cells 
and disruption of the normal pericyte cuffing) and sub- 
sequent regression of existing vessels and necrosis. Tu- 
mor cell necrosis resulting from vascular regression and 
hypoxia then appeared to trigger expression of VEGF and 
the onset of angiogenesis. These intriguing findings sup- 
port the view that a key mechanism in early tumor an- 
giogenesis may be a direct effect of the tumor cells on 
existing blood vessels rather than the orthodox view of 
new blood vessel growth into the hypoxemic growing 
tumor bed. Although genetic validation of an essential 
role for VEGF in mediating the angiogenic burst in GBM 
and its functional relationship to EGFR signaling is still 
lacking, findings from developmental, cell culture- 
based, and the orthotopic explant tumor studies de- 
scribed above strongly support the hypothesis that ac- 
quisition of EGFR activation (via mutation or amplifica- 
tion) in GBM may drive the induction of angiogenesis 
through its functional link to VEGF. 

Genetically engineered mouse models of human glioma 

The cardinal biological features of malignant gliomas in 
humans, including their diffusely infiltrative nature and 
their remarkable propensity toward further malignant 
progression, have been among the major impediments to 
developing successful therapies for gliomas. The cre- 
ation of murine models that recapitulate these biological 
features based on the relevant genetics of malignant glio- 
mas will find great and broad utility in the study of glio- 
mas as well as in the development and testing of targeted 
therapeutics. Such models will provide a system in 
which to investigate the biological mechanisms under- 
lying tumorigenesis and tumor maintenance as well as 
provide a validated platform for the functional screening 
of candidate genes identified through large-scale geno- 
mic analysis of tumor specimens. The need for accurate 
models is perhaps most acute in preclinical testing, 
where experimental data often determine the fate of a 
drug in development. It is widely appreciated that data 
obtained in a refined mouse model of human gliomas 
should diminish the exposure of patients to ineffective 
drugs that would otherwise go through phase I/II clinical 
trials. In addition, accurate models may help define the 
clinical tumor grade in which an agent or combination of 
agents may be most effective. 

The ideal mouse glioma models should be built on 
known genetic alterations described in human gliomas 
and be characterized by several key features, including 
tumor cells displaying glial differentiation, diffuse, 
single-cell infiltration of the surrounding brain paren- 
chyma (including the so-called secondary structures of 
Scherer), histological progression from low-grade to 
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high-grade malignancy, neovascular proliferation (some- 
times in the form of so-called glomeruloid blood vessel 
formations), and regional necrosis (often with palisading 
of tumor cells around the necrosis). However, a model 
that recapitulates the clinical features of the disease (i.e., 
is a phenocopy) but does not reflect the genetic basis of 
the tumors (i.e., is not a genocopy) may also find use in 
the analysis of mechanisms underlying invasion, angio- 
genesis, necrosis, and tumor-extracellular matrix inter- 
actions. Novel therapies developed to block these bio- 
logical pathways could be tested in such a model. Simi- 
larly, a model that recapitulates the genetics but lacks 
several of the clinical features of the tumor (i.e., is a 
genocopy but not phenocopy) is an equally valuable sys- 
tem. For example, a tumor driven by PDGF could be used 
to study the downstream targets and the biological con- 
sequences of activation of the pathway. In preclinical 
testing, this would be an excellent model to study the 
effects of a specific RTK inhibitor, for example, PDGF-R 
or EGFR. Finally, genocopy models that use inducible or 
conditional systems would be ideal to study the role of 
specific genetic mutations in tumor progression and 
maintenance. For example, a mouse model that is initi- 
ated by induction of PDGF ovcrexpression could be used 
to study the importance of PDGF in tumor maintenance 
by switching off PDGF and observing the biological ef- 
fects of PDGF withdrawal on the established tumor. 

Until recently, the most widely used murine brain tu- 
mor models have been orthotopic grafts of tumor cell 
lines, often using glioma cell lines that retained little in 
the way of glial differentiation. In addition, these glioma 
models failed to produce the cardinal features of malig- 
nant gliomas, such as single-cell infiltration, and to ex- 
hibit histological progression. As such, they are proven 
suboptimal for the dissection of the molecular pathways 
underlying gliomagenesis and progression and presum- 
ably for preclinical testing. 

Genetically engineered murine glioma models have 
been generated using different approaches,- it is remark- 
able and extraordinarily encouraging that a number of 
these models have recapitulated several of the cardinal 
histological features, albeit to varying degrees. These 
models have used different genetic approaches, none to 
date providing a true genocopy of the human tumor but 
each using one or more of the genes known to be asso- 
ciated with malignant gliomas (see above the discussions 
of the relevant genetic mutations). Taken together, the 
models illustrate a number of important principles in 
glioma biology. Loss of a single tumor suppressor gene or 
overexpression of an oncogene is insufficient to induce 
high-grade gliomas with high penetrance. Mice deficient 
in p!9ARF develop low- but not high-grade gliomas (Ka- 
mijo et al. 1999), again emphasizing the need to con- 
struct compound mutant strains in the generation of 
GBM. This principle has been confirmed for several com- 
binations of genetic lesions. For example, although glio- 
mas were not observed in p53 or NF1 KO, mice doubly 
heterozygous for p53 and NF1 develop low- to interme- 
diate-grade gliomas. Interestingly, in studying these 
compound mutants, It was shown that modifying muta- 
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tions was important in gliomagenesis (Reilly et al. 2000). 
Specifically, there were significant differences in glioma 
penetrance, depending on the strain background. How- 
ever, despite the variance in penetrance, there was no 
significant difference in tumor pathology, suggesting 
that the major biological effects of dysregulating these 
pathways were not altered by the modifiers. Evidence of 
tumor progression was shown in the GFAP-v-src model 
in which early lesions were characterized by dysplastic 
changes, whereas overt astrocytomas developed later and 
were of higher grade (Weissenberger et al. 1997). 

As discussed above, the importance of cell-of-origin is 
revealed in these engineered models, because it appears 
that the ability to transform a cell is influenced by the 
target cell in each model. Overexpression of activated 
EGFR in the setting of INK4a deficiency induced gliomas 
with much higher penetrance when targeted to the nes- 
tin-expressing cells in the early postnatal brain (Holland 
et al. 1998a). When targeted to the GFAP-expressing 
cells, few tumors resulted (Holland et al. 1998a), suggest- 
ing that the neural stem cell is more permissive to the 
transforming effects of EGFR overexpression in the set- 
ting of INK4a deficiency. Similar results were obtained 
when Ras and activated Akt were targeted to nestin-posi- 
tive rather than GFAP-positive cells (Holland et al. 
2000). Interestingly, although there was some variation 
between the histological features of the gliomas gener- 
ated by these two different combinations of genetic mu- 
tations, each generated highly invasive, intermediate- to 
high-grade tumors. These data illustrate that the results 
of dysregulating various family members of a pathway or 
regulatory machinery may have similar biological 
consequences. 

The issue of cell-of-origin is also raised in a study of 
PDGF overexpression in early postnatal murine brains. 
PDGF was delivered in a retroviral system and packaged 
with Moloney virus; it yielded gliomas with high pen- 
etrance (Uhrbom et al. 2000). Although it is possible that 
high levels of PDGF expression alone could induce glio- 
mas, another explanation for these findings is that the 
tumors resulted from the combination of PDGF overex- 
pression and proviral mutagenesis. The pathological fea- 
tures of these tumors, although similar to GBM, had a 
preponderance of oligodendrocytes, were nestin positive, 
and most closely resembled high-grade oligodendroglio- 
mas. In culture, the tumor cells were immunoreactive 
for nestin and other markers for the oligodendroglial pre- 
cursor lineage, suggesting that these tumors resulted 
from malignant transformation of an oligodendrocyte 
precursor (Uhrbom et al. 2000). This is perhaps not sur- 
prising given the prominent role for PDGF in oligoden- 
drocyte development. However, it is surprising when 
one considers the prominent role for PDGF/R in human 
low-grade astrocytomas and its relatively insignificant 
role in human oligodendrogliomas as discussed above. 
This study raises the important issue of the role of co- 
operating genetic events in determining the biological 
phenotype and again raises the question of impact of a 
genetic mutation or combination of mutations on a 
given state of cellular differentiation. These novel mu- 
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rine models have for the first time provided valid histo- 
logical models of malignant glioma, most of which are in 
need of further refinement, and have illustrated the 
value of such an approach— an expanded scientific hori- 
zon and a period of true promise. 

Future Directions 

The goal in neuro-oncology is clear: to understand the 
biology of malignant gliomas on a level that leads to the 
development of targeted curative therapy. The chal- 
lenges to achieving this goal may appear to be consider- 
able given the complexity of the tumors and the need for 
a multidisciplinary approach to the problem. However, 
as outlined throughout this review, despite the signifi- 
cant gaps in our understanding, a wealth of information 
exists about the clinical and biological behavior of the 
tumors, the genetic pathways involved in gliomagenesis, 
and basic developmental neurobiology. The challenge 
now is to integrate the information in these various dis- 
ciplines in a way that provides a comprehensive view of 
the cellular and genetic mechanisms underlying the tu- 
mor biology. 

Although developmental neurobiology and neuro-on- 
cology have traditionally been separate disciplines, mo- 
lecular analysis of mechanisms underlying CNS devel- 
opment has already yielded significant insight into tu- 
morigenesis. The most well-characterized example is the 
Sonic hedgehog pathway. This pathway is essential for 
proliferation of granule neuron precursors during devel- 
opment of the cerebellum (Dahmane and Ruiz-i-Altaba 
1999; Wallace 1999; Wechsler-Reya and Scott 1999) and 
is etiologic in perhaps 10%-20% of cases of the human 
cerebellar tumor, medulloblastoma (Hahn et al. 1996; 
Johnson et al. 1996; Raffel et al. 1997). As presented in 
this review, we find that there are striking similarities 
between glial development and the unique features of 
the malignant gliomas. It is clear that the opportunities 
for integrated investigation are substantial and will 
likely yield information that can advance the knowledge 
base in both neurobiology and neuro-oncology. The abil- 
ity to grow neural stem cells, astrocytes, and oligoden- 
drocytes in culture will provide neuro-oncologists with 
the opportunity to dissect the genetic pathways involved 
in various aspects of the differentiation and dedifferen- 
tiation of these cells. Genes identified in these pathways 
can be examined in human tumor specimens, and the 
functional relevance in gliomas can be tested using vari- 
ous in vitro systems and the mouse models. 

The rapid advancements in genomic technology and 
mouse engineering have created an unprecedented op- 
portunity in neuro-oncology. The contributions made to 
glioma biology from a multidisciplinary approach to un- 
raveling the complex pathways underlying the clinical 
features of malignant gliomas will lead to meaningful 
progress for patients with these devastating tumors. 
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